INTRODUCTION
Protein regions with little structure, intrinsically disordered regions (IDRs), are abundant in eukaryotic proteomes (Radivojac et al., 2007) . Such regions play critical roles in gene regulation, signaling circuitries, and intracellular transport, and they are often centrally located in protein interaction networks (Fuxreiter et al., 2008; Turoverov et al., 2010) . Many of these disordered regions undergo disorder-to-order transitions upon binding their interaction partners. But IDRs can also form promiscuous interactions that pose a burden for cellular protein homeostasis (Gsponer et al., 2008; Vavouri et al., 2009) .
Some archetypal IDRs have low complexity amino acid sequences that are depleted of order-promoting residues (Romero et al., 2001) . Here, our interest is in a subset of such sequences that are enriched in the polar uncharged residues glutamine (Q) and asparagine (N). Despite their general tendency toward disorder at the monomer level (Weathers et al., 2004; Pierce et al., 2005; Toombs et al., 2010) , Q/N-rich sequences can, on occasion, self-assemble into some of the most ordered structures in biology: amyloids (Perutz et al., 2002; Uversky, 2008; Alberti et al., 2009) .
Amyloids are pseudocrystalline fibrils stabilized by extensive intermolecular interactions between individual polypeptide monomers (Nelson and Eisenberg, 2006) . Thus, during amyloid formation, Q/N-rich proteins transition from one extreme of conformational space to the other. This transition involves the association of disordered monomers into molten oligomers. Disorder-to-order transitions of individual polypeptides within these oligomers can be facilitated by intermolecular interactions, leading to an amyloid-nucleating species (Serio et al., 2000; Krishnan and Lindquist, 2005; Mukhopadhyay et al., 2007; Walters and Murphy, 2009; Williamson et al., 2010) .
Several protein misfolding diseases, including Huntington's disease and multiple spinocerebellar ataxias, are associated with the aggregation of polyQ sequences. Both the severity of the disease and the aggregation tendency of the protein are correlated with the length of the polyQ tract (Perutz and Windle, 2001 ). Q-rich and N-rich proteins can also undergo conformational switches to amyloid under nonpathological conditions, and in some cases these amyloids have important biological roles. Functional amyloids include extracellular adhesins of bacteria, an ancient and broadly distributed class of proteins that act as structural scaffolds for biofilm formation (Larsen et al., 2007; Hammer et al., 2008; Dueholm et al., 2010) . Other Q/N-rich proteins can serve as ''protein only'' elements of inheritance when their IDRs switch to the amyloid state. The latter, comprising the majority of known prion proteins, are united only by the ability of their amyloid conformations to perpetuate through a protein folding reaction that is self-templating and heritable (Glover et al., 1997; Alberti et al., 2009) .
In the baker's yeast Saccharomyces cerevisiae, in which Q/N-rich prions have been characterized most extensively, the self-templating conformational conversions of prion proteins can produce robust new biological traits that derive either from sequestration of the protein's globular domain or from novel functions conferred by the prion itself . Unlike the well-known mammalian prion protein, PrP, which causes a deadly disease, yeast prions are not overtly toxic. In fact, the phenotypic diversity generated by yeast prion switching can be beneficial under many conditions. Hence prions might facilitate survival and adaptation in the rapidly changing natural environments of microbial cells (True and Lindquist, 2000; . Whether yeast prions have evolved to this purpose remains to be established.
A recent genome-wide survey found that prion-forming proteins were more likely to be N-rich than Q-rich (Alberti et al., 2009 ). This observation was unexpected, as it challenged the common assumption that Ns and Qs are equivalent for prion formation (see, for example, Michelitsch and Weissman, 2000; Osherovich et al., 2004; Ross et al., 2005a) . It was subsequently suggested (Toombs et al., 2010 ) that the observed bias was better explained by the presence of structure-breaking proline residues, which were more common in the Q-rich sequences studied. Here, we provide an in-depth analysis of the contributions of N and Q residues to prion formation. Our assessments are performed in identical sequence contexts, i.e., for each protein we compare the wild-type sequence, which has an admixture of Qs and Ns, to variants where all the Qs have been replaced by Ns or vice versa. This allowed us to make clear conclusions about intrinsic differences in the effects of these residues.
RESULTS

Qs and Ns Have Disparate Effects on Prion Formation by Sup35
Our computational analyses indicated that N-rich proteins were more likely than Q-rich proteins to form prions, even when prolines were accounted for (see Figures S1A and S1B available online). We therefore set out to compare the effects of Ns and Qs directly. We generated two variants of the amyloidogenic prion domain (PrD) of the yeast protein Sup35. Normally, 15% of the residues in this PrD are Ns and 29% are Qs (Sup35 WT ). In the two modified variants, either all Q residues were replaced with Ns (Sup35 N ), or all N residues were replaced with Qs (Sup35 Q ) ( Figure 1A ). The sequences were otherwise identical.
We first analyzed the ability of the proteins to maintain normal Sup35 function and their propensity to form alternative selfpropagating prion conformations in vivo. To do so, we used a simple phenotypic assay (Alberti et al., 2009) . Sup35 is a translation termination factor. When the prion domain switches to the assembled amyloid state, it sequesters Sup35 from ribosomes, causing them to read through stop codons at an increased frequency. In cells carrying a premature stop codon in the ADE1 gene, prion-mediated read through changes colony color from red to white and allows cells to grow without adenine in the medium.
Each Sup35 variant (Sup35 WT , Sup35 N , and Sup35 Q ) was constitutively expressed in strains lacking endogenous Sup35. They accumulated to similar levels ( Figure S1D ). They also produced colonies with comparable red colors. That is, all possessed normal Sup35 activity and could stably maintain a soluble nonprion state ( Figure S1E ).
The spontaneous rate of Sup35 prion formation is quite low (1 in 10 6 cells per generation) (Chernoff et al., 1999; Allen et al., 2007; Lancaster et al., 2010) . To allow better quantitative comparisons, we increased the likelihood of prion conversion by overexpressing each PrD variant (Derkatch et al., 1996; Alberti et al., 2009 ) as an EYFP fusion from an inducible promoter (GAL1, Figure S1C ). This caused the expected increase in white Ade+ colonies with Sup35 WT . Ade+ colonies were more frequent with Sup35 N . They were essentially absent with Sup35 Q ( Figure 1B ). To confirm that the white Ade+ colonies of Sup35 N cells were due to prion formation and not a genetic mutation, we asked if they depended on Hsp104, a AAA+ ATPase whose amyloidfragmenting activity is critical for prion propagation (Chernoff et al., 1995) . We passed presumptive prion colonies on media containing a low concentration of guanidine hydrochloride (GdnHCl), which selectively inhibits Hsp104 (Grimminger et al., 2004) . This restored Sup35 WT and Sup35 N cells to their original red phenotypes ( Figure 1C ). Genetic ablation of HSP104 had the same effect ( Figure 1C ). Second, we asked if white Ade+ colonies of Sup35 N cells contained the SDS-resistant amyloids that constitute the prion template. Semidenaturing detergent-agarose gel electrophoresis (SDD-AGE) confirmed that they did. Moreover, Sup35 N cells gave rise to a range of phenotypically distinct prion states (white and pink color variants; Derkatch et al., 1996) typical of the wild-type prion, and these were associated with the expected differences in amyloid size on SDD-AGE gels (Kryndushkin et al., 2003) ( Figures 1D and S1G Figure S1G ). SDS-resistant aggregates were detected by SDD-AGE and immunoblotting with a Sup35C-specific antibody. (E) Variant Sup35 PrD-M-EYFP fusions were expressed for 24 hr in [RNQ+] cells prior to SDD-AGE analysis. PrD-M-EYFP was detected with a GFP-specific antibody. (F) Sup35 PrD-M-His7 variants were purified under denaturing conditions and then diluted to 5 mM in assembly buffer. Reactions were agitated for 10 s every 2 min in the presence of nonbinding plastic beads. Amyloid formation was monitored by ThT fluorescence. Data were normalized by the final values achieved for each variant after extended incubations. Data represent means ± SEM. See also Figure S1 .
reduced the appearance of prions in Sup35 N cells, it did not eliminate them ( Figure S1F ). Thus, shifting the Sup35 prion sequence to an N-rich form increased its tendency to form amyloid to such an extent that it bypassed the normal requirement for the prioninducing factor [RNQ+] .
Using these same criteria, the rare white colonies that appeared in Sup35 Q cells proved not to be due to the formation of prions. However, rare colonies with all of the hallmarks of prions could form in Sup35 Q cells when the protein was expressed at extremely high levels (Supplemental Information and Figure S1I ). These prion states were not toxic. But they were very unstable when expression of Sup35 Q was returned to normal levels (data not shown). Thus, shifting the Sup35 prion sequence to a Q-rich form virtually eliminated its ability to form prions.
Q and N Have Disparate Effects on Amyloid Formation by Sup35
Next, we asked if the Q and N variants had intrinsically different propensities to form amyloid de novo. We induced Sup35 PrD-EYFP variants for 24 hr in prion-minus cells. Despite similar expression levels ( Figure S1C ), the variants showed very different behaviors ( Figure 1E ). The WT protein partitioned between SDS-soluble and amyloid states. All Sup35 N coalesced into SDS-resistant polymers. All Sup35 Q remained SDS soluble.
We next asked if these differences depended upon the cellular environment, or reflected inherently different biochemical properties. We purified the variants from bacteria under fully denaturing conditions. They were then diluted into a physiological assembly buffer containing Thioflavin-T (ThT), a dye that binds amyloid (LeVine, 1993) . Sup35
WT and Sup35 N formed ThT-binding species after a short lag phase, as is characteristic for prion proteins. Sup35 N achieved this state more rapidly than Sup35 WT .
Sup35
Q did not form amyloid in the time frame examined (Figures 1F and S1H).
Ns and Qs Influence Other Proteins in Similar Ways
To determine if the effects of Ns and Qs were generalizable, we created N/Q variants of two PrDs that are already very N-rich, one from Ure2 and the other from Lsm4 (Ure2 Q and Lsm4
We subjected them to the same tests used for Sup35. The Ure2
WT and Lsm4 WT Sup35C-fusions drove prion formation at high frequencies. The corresponding Q-rich versions did not . The Q-rich PrDs were also severely impaired for amyloid formation in vivo, when overexpressed as EYFP fusions ( Figure 2C ), and in vitro, following their purification and dilution into physiological buffer ( Figure 2D ). To determine if N richness can drive prion formation in a protein that does not normally form them, we generated a Q/N variant of a fragment of the Gal11 transcription factor (Gal11 N , Figure 3A ). As reported previously (Alberti et al., 2009) , the WT sequence lacks prion activity . Gal11 N variant readily produced Ade+ colonies with prion properties: the phenotype was reversed by Hsp104 inactivation ( Figure 3C ), did not require the continued presence of [RNQ+] ( Figure 3C ), and was associated with SDS-insoluble amyloids ( Figure 3D ). The Gal11 variants were too poorly expressed in Escherichia coli for purification and in vitro analysis. However, the prion propensities of the Gal11 PrD variants corresponded to their amyloid-forming propensities when they were expressed de novo in yeast cells ( Figure 3E ).
Many proteins associated with amyloid diseases contain long glutamine tracts (polyQ) with a propensity to aggregate in both the human brain (DiFiglia et al., 1997) and when heterologously expressed in yeast (Krobitsch and Lindquist, 2000; Meriin et al., 2002; Duennwald et al., 2006) . To explore the distinction between Qs and Ns in such a polypeptide, we compared a disease-associated version of Htt exon 1 (Htt Q47 ), with a Q/N variant of the same protein (Htt N47 , Figure 3F ). When fused to EYFP and expressed for 24 hr, both variants formed SDS-resistant aggregates that were strongly promoted by [RNQ+] (Figure 3G ). However, regardless of [RNQ+] status, Htt N47 partitioned much more completely to the SDS-resistant fraction than Htt Q47 .
N Richness Reduces Proteotoxicity of Q/N-Rich Proteins
Overexpressed fluorescently tagged prions typically form bright puncti or ribbon-like foci, indicative of bundled amyloid filaments (Alberti et al., 2009; Kawai-Noma et al., 2010; Tyedmers et al., 2010) . Non-prion-forming proteins remain diffuse or coalesce weakly into amorphous foci (Alberti et al., 2009) . After 48 hr of expression from a galactose-inducible promoter, all of the N-rich, prion-proficient proteins studied here formed intense foci, often with an elongated filament-like morphology ( Figure 4A , top). The Q-rich proteins also formed foci, but these were less intense and surrounded by diffuse fluorescence (Figure 4A , bottom; Figure S4G ). Foci with filament-like morphology were not observed. To characterize the proteins more rigorously we employed SDD-AGE. The N-rich proteins had acquired an SDS-resistant aggregated state. The Q-rich proteins were largely SDS-sensitive ( Figures S4A-S4D ). Disordered proteins tend to be toxic when overexpressed. Analyzing previously published data (Vavouri et al., 2009) , we find that toxic proteins more commonly have strong enrichments for Qs than Ns ( Figure S4E ). To examine the toxicity of our variants, we transformed galactose-inducible constructs into cells carrying a chromosomal deletion of Sup35's prion domain. This made the cells immune to a form of toxicity resulting from Sup35 sequestration. Cells were then spotted onto media that either induced or repressed expression of the variants. The Ure2, Lsm4, and Gal11 variants were not toxic (data not shown). Of the Sup35 variants, Sup35 Q and Sup35 WT were mildly toxic, whereas Sup35 N was benign ( Figure 4B , left). Similarly, Htt Q47 was toxic relative to Htt N47 ( Figures 4C and S4F ).
To determine whether toxicity was enhanced or reduced by amyloid formation, we examined isogenic strains containing [RNQ+] . This amyloid-promoting factor decreased the toxicity of Sup35
WT ( Figure 4B ) as well as both variants of Htt ( Figures   4C and S4F) , consistent with the hypothesis that the toxicity of nonamyloid conformers is suppressed by amyloid conversion. Notably, [RNQ+] did not affect the toxicity of Sup35 Q ( Figure 4B ), a variant whose conversion to amyloid is not promoted by [RNQ+] ( Figure S1F and data not shown).
Q-Rich Proteins Preferentially Form Toxic Nonamyloid Conformers
To investigate the inherent tendency of the Sup35 variants to partition between amyloid and nonamyloid states, we incubated purified proteins in assembly buffer for 24 hr, with end-over-end agitation. After centrifugation to collect all aggregates, SDS was added, followed by a second centrifugation step to specifically collect amyoid. Sup35 WT and Sup35 N converted almost entirely to amyloids ( Figure 5A) . A large fraction of Sup35 Q remained soluble and the fraction that did aggregate was mostly SDS soluble.
To determine if conformers formed by the Sup35 variants are inherently toxic, we applied purified protein preparations to human neuroblastoma cells in culture. None were toxic when freshly diluted from denaturant (as shown for Sup35 Q ) (Figure 5B) . When the proteins were allowed to aggregate for 24 hr, Sup35
Q became severely toxic, causing membrane permeabilization (quantified by adenylate kinase release; Figure 5B ) and cell detachment ( Figure 5C ). Sup35 N and Sup35 WT became only mildly toxic. The extreme distinctions between Sup35 variants in this assay prompted us to examine the Ure2 PrD variants as well. After 24 hr of aggregation, Ure2 WT was only mildly toxic whereas Ure2 Q was severely toxic ( Figure S5 ).
Q-Rich Proteins Have Specific Defects in Amyloid Conversion
What aspects of amyloid formation govern the distinct behaviors of these proteins? Amyloid formation is a multistep process involving the formation of collapsed oligomeric intermediates, their conversion to amyloidogenic nuclei, and the polymerization of soluble protein onto those nuclei (Serio et al., 2000; Shorter and Lindquist, 2004; Kodali and Wetzel, 2007) . The conformation-specific antibody (A11; Kayed et al., 2003) detects a toxic oligomeric species common to the polymerization of Ab, a-synuclein, and other disease-associated amyloidogenic proteins. It also recognizes an oligomer that is an obligate on-pathway species in Sup35 polymerization (Shorter and Lindquist, 2004) . All three variants accumulated A11-reactive species ( Figure 6A ). Sup35 Q formed these species more rapidly than Sup35 WT or Sup35 N and remained in this form much longer. Thus, Sup35
Q is defective in the conversion of oligomeric intermediates into amyloids, providing a link between its defect in prion formation and its toxicity. Next, we asked if Ns and Qs influence polymerization of soluble proteins onto their own preformed amyloid seeds. Each variant was incubated for one week in assembly buffer with agitation, which drove even Sup35 Q into amyloid (Figure S1H) . Amyloid fibers were then sonicated into similar sized fragments and normalized to contain approximately the same number of fiber ends (Figures S6A and S6B ). Nonlinear Figure 1E . See also Figure S3 .
regression of ThT fluorescence was used to determine initial polymerization rates of soluble protein across a range of added seed concentrations ( Figures 6B and S6C ). The rates of seeded polymerization differed dramatically between variants. Sup35 N converted more rapidly than Sup35 WT ; Sup35 Q converted much more slowly. The polymerization of Ure2 was altered in the same manner by Q substitutions (Figures S6A-S6D ). If seeded polymerization is driven by oligomers, however, these differences might simply reflect the inherently different oligomerization tendencies of the proteins. To investigate, we performed a complementary experiment: soluble proteins at different concentrations were seeded with a single concentration of preformed amyloid seeds. A linear relationship was observed in all cases. Because oligomer formation is concentration dependent, seeded amyloids must be assembling predominantly by monomer addition (Figures S6F and S6G) . Thus, in addition to having different oligomerization properties, the variants differ in the rates at which their monomers polymerize onto preformed seeds.
Next, preformed sonicated amyloids of each of the Sup35 and Ure2 PrD variants were used to cross-seed amyloid formation by each of the other variants. In all but one case, cross-seeding was not observed, indicating that Ns and Qs generally create incompatible templates ( Figures 6C and S6E) 
Toward a Mechanistic Distinction between Qs and Ns
Why does a subtle chemical distinction between N and Q side chains, namely, one methylene group, so strongly influence amyloid propensity? The conformational fluctuations that lead a disordered protein to convert to amyloid are difficult to dissect experimentally. Molecular simulations provide a tool for investigating the free energy landscapes and thermodynamics of b sheet formation in such sequences (Wang et al., 2006; Pappu et al., 2008; Vitalis et al., 2007 Vitalis et al., , 2008 Vitalis et al., , 2009 . To understand the intrinsic differences between Q-and N-rich sequences, without the confounding complexities imposed by different sequence contexts, we performed molecular simulations with polyQ and polyN molecules. For practical reasons, we limited the simulations to molecules containing 30 glutamines (Q 30 ) or 30 asparagines (N 30 ). As in previous work (Vitalis et al., 2009 ), we performed two sets of simulations. In one set, we interrogated the unbiased free energy landscapes. In the second set, we imposed local conformational restraints to generate nonspecific biases of the backbone dihedral angles in the b-basin of conformational space. The latter allowed us to observe rare conformations that might be sampled on-pathway to amyloid formation. Conformational restraints allow us to design simulations where the entropic penalty is prepaid equivalently for both Q 30 and N 30 . Our analysis focused on two quantities, namely the degree of ordered intramolecular b sheet formation, and the probability that a pair of conformationally biased molecules would self-associate. Figure 7A compares the degree of ordered b sheet formation in N 30 and Q 30 in the presence and absence of conformational restraints. The extent of b sheet formation was low for both N 30 and Q 30 in the absence of conformational restraints. However, when the entropic penalties for sampling the appropriate conformations were prepaid, N 30 monomers showed greatly increased ordered b sheet formation; Q 30 monomers were much less affected.
Next, to simulate the effects of homotypic intermolecular interactions, we used two N 30 or two Q 30 molecules. In simulations with two restrained Q 30 molecules, there was positive coupling, and the overall b sheet content of both Q 30 molecules increased through intermolecular interactions ( Figure 7A ). This suggests that ordered b sheet formation in such short Q-rich systems requires at least two interacting molecules (Zhang and Muthukumar, 2009 ) that have been appropriately biased to sample conformations drawn from the b-basin.
Next, we quantified the thermodynamics of bimolecular associations. The probability of intermolecular associations was smaller for N 30 than for Q 30 ( Figure 7B ). The intermolecular associations in such simulations are largely nonspecific (Vitalis et al., , 2009 ); i.e., spontaneous fluctuations lead disordered monomers to form disordered dimers. The presence of conformational restraints decreased this disorder and, in turn, systematically diminished intermolecular associations, an observation borne out by the temperature dependence of these probabilities. The lower disorder of N 30 and its increased ability to form ordered b sheet structures ( Figure 7A ) led to weaker nonspecific intermolecular associations. Q 30 molecules showed a preference for increased conformational heterogeneity and hence an increased preference for nonspecific associations. These different association tendencies of Q 30 and N 30 appeared to result, at least in part, from a difference in turn formation between the two systems ( Figure 7C ). No more than four Ns were needed to form a tight turn. These were often canonical b-hairpin turns ( Figure 7C ) with characteristic intraturn distances, backbone dihedral angles, and hydrogen-bonding patterns. The bulkier side chain of Q in Q-rich tracts did not form tight turns but instead formed wider bulges and loops that required at least five (often more) residues to promote the reversal of chain direction.
DISCUSSION
A single methylene distinguishes Q from N. We find that this distinction profoundly alters one prominent activity of Q/N-rich proteins, prion formation, and influences another, toxicity. Changing Ns to Qs decreased prion formation and increased the accumulation of nonamyloid aggregates. These were toxic in the yeast cytoplasm and even more toxic when ectopically applied to cell lines of neuronal origin. In contrast, changing Qs to Ns enhanced prion formation and reduced toxicity. These observations were surprising, as the notion that Qs and Ns are equivalent for prion formation is pervasive (Si et al., 2003; Ross et al., 2005b; Decker et al., 2007; Patel et al., 2009; Salazar et al., 2010) . Further, algorithms for identifying amyloidogenic sequences, TANGO (Fernandez-Escamilla et al., 2004) and Zyggregator (Tartaglia and Vendruscolo, 2008) , do not predict clear differences in the effects of our Q and N replacements (Figure S7) , and do not predict amyloid formation by Q/N-rich PrDs (Alberti et al., 2009) or the PrD variants we analyzed here ( Figure S7) . Hopefully, the training sets created by our variants will lead to improved sequence-based predictions of amyloid formation. Seeking a mechanistic explanation for our biological results, we asked how Qs and Ns affected various steps in both spontaneous amyloid assembly and templated assembly. The residues affected the specificity of templated and strongly altered the intrinsic efficiencies with which both the monomers and oligomers converted from the soluble disordered state to the amyloid. Molecular simulations suggest a possible rationale: the shorter N side chain enhances hydrogen bonding to the polypeptide backbone, increasing the formation of turns and b sheets. We propose that this distinction is amplified as multiple monomers come together, allowing N-rich molecules to more effectively form ordered self-assemblies. Moreover, Ns reduced nonspecific interactions, which inhibit polymerization through offpathway aggregation.
The disparity between our Q and N variants is likely the culmination of small contributions from many residues in the sequence, but local, contextual effects might also matter. For example, Ns (but not Qs) form hydrogen-bonded spines, or ''asparagine-ladders,'' in b helix proteins (Jenkins and Pickersgill, 2001; Lenore Cowen, personal communication) . The b helix is a model structure for functional amyloids (Shewmaker et al., 2009 ) and fungal prions (Krishnan and Lindquist, 2005; Wasmer et al., 2008; Tessier and Lindquist, 2009; Dong et al., 2010) . Moreover, Q stretches of sufficient length can overcome their intrinsically lower amyloid propensities, as occurs when a short segment of Sup35's PrD, containing 13 Qs and 9 Ns, is replaced with a stretch of 62 Qs (Osherovich et al., 2004) .
Recently, it was reported that many Q/N-rich proteins form coiled coils which might govern their aggregation (Fiumara et al., 2010) . We note that Ns have a much lower coiled coil propensity than Qs-0.25 versus 0.99 using the Coils algorithm (Lupas et al., 1991) and 0.29 versus 0.90 using Paircoil2 (McDonnell et al., 2006) . A testable, unifying explanation for both our data and that of Fiumara arises: might a too-strong propensity to form coiled coils inhibit conversion to amyloid and favor the formation of toxic aggregates?
Many proteomes, including those of roundworms, insects, slime molds, and malarial parasites, contain an abundance of N-rich proteins (Michelitsch and Weissman, 2000; Harrison and Gerstein, 2003; Singh et al., 2004) . It will be of great interest to determine whether these organisms take advantage of the functional, self-assembling properties of amyloids in their biology. When the entropic penalty is prepaid using conformational restraints, we find a greater frequency of sampling intramolecular b sheet structures with N 30 because asparagine tracts can form canonical b-turns through backbone and side-chain hydrogen bonds, a representative of which is shown in the enlarged picture in green for N 30 . Conversely, Q-rich tracts form longer loops that lack any of the hallmarks of canonical turns and this increases the barrier for strand nucleation and propagation (Finkelstein, 1991) .
Other functions of Q/N rich proteins derive from the opposite conformational extreme they populate-disorder. Our Q and N variants are predicted to be highly disordered (9 of 10 disorder prediction web servers reviewed in He et al., 2009 ). Yet, IDRs are typically enriched for Qs and depleted of Ns (Radivojac et al., 2007) . Q richness may be integral to the functions of dynamic protein assemblies: transcriptional regulatory complexes, RNA processing bodies and endocytic complexes (Xiao and Jeang, 1998; Titz et al., 2006; Decker et al., 2007; Meriin et al., 2007; Buchan et al., 2008; Fuxreiter et al., 2008; Alberti et al., 2009 ). The conformational heterogeneity of Q-rich polypeptides might expedite the assembly and remodeling of such complexes, and grant freedom to explore new binding partners, accelerating the functional diversification of network hubs and the evolution of novel circuitries.
These desirable properties come at a price, however. Conformational disorder is a burden for protein homeostasis, in part, due to mass action-driven interaction promiscuity (Vavouri et al., 2009 ). This liability may drive the tightly regulated expression of proteins with IDRs in general and of ''Q/N-rich'' proteins in particular (Gsponer et al., 2008) . Our computational and experimental analyses indicate that Qs, specifically, increase the propensity for toxic interactions by disordered proteins, which, in turn, may contribute to the pathology of Q-rich proteins in disease. Although more comparisons will be needed between proteins expressed in, and applied to, a variety of cell types and compartments, the toxicity of nonamyloid species seems to be related to multifactorial effects on intracellular proteinprotein interaction promiscuity and extracellular membrane permeabilizing activities. Both intracellularly and extracellularly, amyloid formation reduced toxicity, consistent with previous suggestions for protective roles for amyloids (Takahashi et al., 2008; Truant et al., 2008; Treusch et al., 2009 ). The genetic tractability of yeast prions provides a tool for investigating this very difficult problem.
The conformational transitions and protein::protein interactions of IDRs govern diverse biological processes, from regulatory networks to protein-misfolding diseases to protein-based inheritance. Further elucidating the conformational preferences of disordered proteins will be key to understanding their central roles in both normal biology and disease.
EXPERIMENTAL PROCEDURES
Cloning and Gene Synthesis Cloning procedures were essentially performed as described previously (Alberti et al., 2009) . Variant versions of PrDs and Huntingtin exon 1 were generated synthetically as described in the Supplemental Information.
Yeast Techniques
Standard genetic manipulations, media conditions, fluorescence microscopy, and SDD-AGE were as described (Alberti et al., 2009) . Details are in the Supplemental Information.
Protein Purification
All proteins were expressed and purified from E. coli BL21-AI essentially as described (Alberti et al., 2009 ), using either pRH1 (for fusing a 7xHis tag to the C termini of Sup35 PrD-M, Ure2 PrD, and Lsm4 PrD variants) or pRH2 (for fusing a Sup35 M domain plus 7xHis tag to the C termini of Ure2 PrD variants). Details are in the Supplemental Information.
In Vitro Aggregation Assays Amyloid assembly reactions monitored by ThT fluorescence were performed in microplate format essentially as described (Alberti et al., 2009 ). Other aggregation experiments were performed in 1.5 ml Eppendorf tubes. Details are in the Supplemental Information.
Membrane Disruption Assay
Toxilight Bioassay kit measures leakage of adenylate kinase from the cells to the extracellular medium due to the loss of cell integrity (damage of plasma membrane). SH-SY5Y cells (2 3 10 5 ) were seeded in 24-well plates and grown overnight in a 1:1 mixture of DMEM and Ham's F12 and 10% FBS. Fresh or preaggregated proteins of Sup35 PrD-M-His7 variants (2.5 mM) were prepared in serum-free medium and applied for 12-15 hr. Cells were briefly spun at 800 rcf and 30 ml of the medium was carefully removed and used for the toxicity assay as recommended by the manufacturer.
Molecular Simulations
Simulations were performed as described in the Supplemental Information. 
SUPPLEMENTAL INFORMATION
